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This study pertains to hearing in older Peromyscus maniculatus (deer mice). The objective of 
this thesis was to test the Acoustic Startle Response (ASR), a behavioral reflex to sounds, in 
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The purpose of this study pertains to hearing in the species Peromyscus maniculatus (deer mice) 
— specifically their responses to a startling sound. Approximately seven mice were tested 
between four and five years of age, approaching the lifespan of this species. By means of an 
accelerometer, which measures a reflexive, motor response, the mice were presented with an 
acoustic startle-eliciting stimulus (SES) — that is a loud, startling, unexpected sound. During the 
study, the mice were also presented with a softer, less-intense stimulus — known as a pre-pulse 
— slightly before the more intense sound. This pre-pulse stimulus was in the form of auditory, 
somatosensory, or a combined input. The study aimed to quantitatively measure whether the pre-




This project pertains to hearing in mice — specifically their behavioral responses to a 
startling sound in relation to the presentation of an initial non-startling stimulus. The purpose is 
to test older mice to determine if these “wild” mice could hear toward the end of their lifespan.  
This pilot study could lead to a more detailed longitudinal study of sensory processing. The 
purpose of this study is to test the effectiveness of the Acoustic Startle Response (ASR) when 
somatosensory, auditory, or multimodal stimuli are presented before the startle response. 
 
Acoustic Startle Response (ASR) 
An Acoustic Startle Response (ASR) is a motor response found in mammals elicited by 
and immediately following a loud and unexpected acoustic startling stimulus (Liuzzo, 2013). To 
measure the amplitude of the ASR in the mice, an accelerometer was affixed beneath the testing 
tube (Allen & Ison, 2010). The accelerometer responded when the mouse shook the chamber. 
Our accelerometer responded to movement of a Plexiglass plate holding a tube that contained the 
mouse along the vertical or z-axis to produce a voltage proportional to acceleration 
(Newtons/kilogram or meters per second per second). The accelerometer was able to measure the 
mouse’s ASR in the form of a jump while the subject was in the testing tube.  
According to a study done by Dr. Andrea Liuzzo, “The ASR amplitude can be measured 
with an accelerometer beneath the subject attached to the cage, and can be decreased in 
amplitude by presenting a less intense, non-startling stimulus 20-300 milliseconds before the 
SES. This reflexive decrement in ASR is called pre-pulse inhibition (PPI) and indicates that the 
relatively soft pre pulse was heard” (Liuzzo, 2013).  
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Pre-Pulse Inhibition 
A pre-pulse is a stimulus that does not elicit a startle and can be auditory, somatosensory, 
or multimodal in nature. The auditory stimulus is presented as a soft acoustic tone, the 
somatosensory stimulus is presented as a vibrotactile buzz, and the multimodal stimulus is a 
combination of the auditory and somatosensory stimuli. If this pre-pulse is perceived, the mouse 
is expected to startle less. The PPI is always presented before the startle-eliciting stimulus (SES), 
which is a stimulus that is either acoustic, somatosensory, or multimodal that causes the mouse to 
react. In this experiment, it was presented as a short (15 ms) loud (110 dB) broadband signal 
(white noise).  
The pre-pulse inhibition, as stated by Liuzzo, is “a form of RMA (Reflex Modification 
Audiometry) where a non-SES (non-Startle Eliciting Stimulus) stimulus is presented 1-300 ms 
before the SES; the perception of this pre-pulse stimulus will then reduce ASR amplitude. The 
PPI paradigm has been utilized in various research efforts, as it is sensitive to manipulations in 
many parameters, is reliable across time, is easily quantified, and is controlled by a simple neural 
circuit that is present across mammalian species. It has advantages over operant conditioning 
paradigms in that it does not require training or reinforcement efforts” (Liuzzo 2013). 
The formula below was used to calculate pre-pulse inhibition. The ASRp represents the 
acoustic startle response presented with an initial pre-pulse and the ASRc represents the acoustic 
startle response control, which was a loud sound alone. This formula was used to determine 
statistical significance in this study.  





*Note: These methods were reviewed and approved by the JMU Institutional Animal Care and 
Use Committee (IACUC) Animal Use Protocol #A18-05.* 
 
Subjects 
The Peromyscus maniculatus (deer mice) were housed in a BioZone MiniSmart Rack 
System in a controlled climate with consistent access to food, water, and temperature controls. 
Testing was completed during the daylight hours, but in a dark room, and lasted approximately 
60 minutes. The mice were all four-plus years of age; to our knowledge, these are the oldest mice 
to have had a hearing test. Eight total mice were tested, however two of these mice proved to be 
completely deaf (no response to SES or pre-pulse), so we were unable to use them in the study. 
This left us with a sample size of six mice.  
According to a study by James R. Ison and Paul D. Allen of the University of Rochester, 
“hearing science in recent years has increasingly focused on the mouse as being most useful for 
understanding the biological composition and biophysical operation of the peripheral auditory 
system” (Ison & Allen, 2010). This is due to genetic engineering of the mice to study peripheral 
hearing loss and its genetic cellular bases, as well as their use of high frequencies in sound 
localization. Ison and Allen cited a study in which the mice were able to locate a reward by 
listening to different increases and decreases in sound levels, proving that mice can detect the 
changes (Ison & Allen, 2010). This is important for the implementation of the ASR so that it can 
be known at which levels the mice respond best. Ison and Allen introduced the use of Reflex 
Modification Audiometry (RMA) using pre-pulse inhibition to observe its effect on the 
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expression of the SES on the ASR of the mouse, and through their study, proved that mice can 
localize a sound source through pre-pulse inhibition.  
They also found that “at very high, brief intervals (2 ms) the pre-pulse combines with the 
startle stimulus at or near the spinal root nucleus, which is the putative origin of the startle reflex 
in rodents” (Ison & Allen, 2010). The small initial hint of reflex facilitation they found at two 
milliseconds followed by significant PPI at five milliseconds suggests that the onsets and offsets 
processed through the caudal monaural pathways may have, “independent and competing effects 
on startle reflex expression” (Ison & Allen, 2010). This suggests that the somatosensory stimuli 
can effect the expression of the ASR, and aid in the protection of the mouse’s ear as a startle 
response is being elicited. 
 
Testing Apparatus and Stimuli 
Image 1 





Image 1 shows the general setup of the experiment. Mice were tested in a cylindrical tube 
(5 cm x 12.5 cm) that was attached to an accelerometer within the mouse-testing chamber (see 
figure above). The entire device was placed within a sound-attenuation booth with the following 
setup: a 7’x7’ acoustic double-walled, double-floored, double-doored room with sound-proofing 
foam. The chamber was set up approximately 18’’ beneath a compression tweeter. This pre-pulse 
stimulus was presented as an auditory signal, somatosensory signal, or a combination of both 
(multimodal) while the mouse was in the chamber. The auditory tone was delivered via two 
speakers, one placed above the tube and another placed to the side of the testing chamber. The 
SES was produced from the top speaker while the pre-pulse was produced from the side speaker. 
This pre-pulse auditory stimulus was presented alone during four of 12 trials (per block of trials, 
explained below). Another set of trials (four) included a pre-pulse somatosensory stimulus 
delivered via a “shaker” placed underneath the tube. A third set of trials (four) produced a 
combination of this auditory and somatosensory stimulus to the mouse (multimodal). Four 
different combinations of vibration and broadband sound were presented to each mouse: (along 
with short labels of each, termed “buzz” to be used in figures of the results below). 
• 2 cycles of 500 Hz vibration (4ms long) + 4ms long broadband sound (buzz = 2 in figures 
below). 
• 4 cycles of 460 Hz vibration (9ms long) + 9ms long broadband sound (buzz = 4 in figures 
below. 
• 9 cycles of 360 Hz vibration (25ms long) + 25ms long broadband sound (buzz = 9 in 
figures below). 
• 10 cycles of 220 Hz vibration (45ms long) + 45ms long broadband sound (buzz = 10 in 
figures below). 
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A fifth set of trials existed as a control, during which no pre-pulse stimulus was delivered. 
After the pre-pulse, the auditory tone/stimulus producing a startle response was 110 dB and 15 
ms in duration; these were in a broadband frequency range, filtered in the upper frequency of 8 
kHz. In terms of the startle reflex measured, the force of the mice’s responses was captured and 
that energy converted (i.e. transduced) to an accelerometer placed beneath the testing tube. This 
data was collected and analyzed using MatLab.  
 
Procedures 
There was a slight acclimation period of four minutes after the mouse was placed in the 
soundproof room to ensure it adapted to its surroundings. Then, each mouse underwent 15 
different conditions (trials) repeated over 11 different blocks for a total of 165 individual trials. 
Each mouse received a combination of randomized trials within each block: 12 of these had a 
pre-pulse stimulus in addition to the startle stimulus, two had the startle-eliciting stimulus (SES) 
alone, and one had neither a pre-pulse sound nor a startle-evoking sound. The intent of this last 
trial served as a control to determine how active the mice were in general and established a 
baseline of their typical energy levels (i.e. how “jumpy” the mouse was on its own) and overall 
functioning to compare to their behavioral responses (the startle reflex). After one of these pre-
pulse stimuli (or a lack thereof) was delivered, a designated pause time elapsed (200-300 ms). 
These intervals between the offset of the original stimulus and the presentation of the loud, 
startle-producing sound are known as inter-stimulus intervals (ISIs). Each block contained ISI 
variants in addition to two control trials in which no pre-pulse stimulus was produced and one 
control trial in which no pre-pulse or startle-eliciting stimuli were produced to establish a general 
baseline of the mouse’s activity. Then, the machine delivered a very loud, startling stimulus at 
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110 dB over 15 ms while simultaneously recording the mouse’s reflex with the accelerometer, 
measured over a period of 100 ms. The startle responses measured were expected to show 
different data for how much the mouse jerked (or was startled) when there was a pre-pulse versus 
when the loud startle stimulus was presented alone.  
 
Collecting Data 
The different ASRs were recorded on MatLab in a program developed by Dr. Gray. 
Figure 1 displays coding for the program (specifically the startle response and pre-pulse 
inhibition sequence) that facilitated data collection: 
Figure 1 
MATLab Coding for Acoustic Startle Response Collection 
 
ms2Meas=100; %ms to record accelerations after start of startle stimulus 
fs = 48828.125; %running at 50kHz 
pnts2Meas=ceil(ms2Meas*fs/1000); %total points to measure (bottom trace) 












       accel=RP1st.ReadTagV('dataout', 0, maxPoints); %read the data 
        subplot(2,1,1); 
        plot(time,accel); %top trace 
        
         ... 
        subplot(2,1,2); 
        start=floor(msISI/1000*fs) + ADCdelay; 
        resp=accel(start+1:(start+pnts2Meas)); %just the most relevant part 
        resp=resp-mean(resp); %correct for DC offeset 
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        plot(1:pnts2Meas,resp); %bottom trace  
 
 
Figure 2 shows an example of the measurements that were recorded (the presentation of 
the PPI “buzz” and the mouse’s behavioral response before and after the startle sound was 
produced). This particular trial (1 of 15 trials for 1 of 11 blocks) occurred in 350 ms total: the top 
trace shows an initial “buzz” from the somatosensory pre-pulse inhibition stimulus. The 
measured response from the mouse indicates their behavioral reflex to the startle sound that was 
presented after the “buzz” or PPI. Hence, the x-axis shows time in seconds of these responses, 
while the y-axis measures the voltage of the accelerometer from the startle, or the mouse’s 
degree of reflex. The bottom trace includes a more zoomed-in view of the last 100 ms of the trial, 
showing the mouse’s jumping reaction (i.e. reflex) both before and after the startling sound was 
produced.  
Figure 2 






Figure 3 shows trials conducted with the startle-eliciting stimulus (SES) alone versus 
trials with no stimuli (the control). This should be the greatest effect, that is, does the mouse 
respond to the startle? These were to determine if the mouse responds at all (at least to our 
loudest sound) compared to how active they are generally (i.e. gather a baseline) before 
determining whether a pre-pulse would have any effect on their acoustic startle response (ASR). 
The x-axis demonstrates the root mean square of the voltages obtained from the accelerometer 
for 100 ms after the start of the startle-eliciting stimulus for each mouse; the voltage response 
was also obtained during a trial with no background sound for each subject. The y-axis 




























Response of Mouse to Startle-Eliciting Stimulus vs. No Stimulus 
   
 
 
Based on the data collected, it was concluded that in terms of general hearing, two of the 
subjects (A2-22 and B2-31) don’t hear at all (at least were not responsive to our 110 dB 
stimulus); these subjects were removed from further analysis because there can’t be a pre-pulse 
inhibition of startle if there is no startle. It was also determined that one subject (B2-37) didn’t 



























Average Pre-Pulse Inhibition with Somatosensory Stimulus Presentation 
 
Somatosensory Stimulus 
Figure 4 shows the average pre-pulse inhibition measured as a function of stimulus 
duration when an initial somatosensory stimulus (buzz) only was presented to the mice prior to 
the startle-eliciting stimulus. Buzz (2, 4, 9, 10) is a short description of the different stimuli 












Average Pre-Pulse Inhibition with Acoustic Stimulus Presentation 
 
Acoustic Stimulus 
Figure 5 shows the average pre-pulse inhibition measured as a function of stimulus 
duration when an initial auditory stimulus (tone) only was presented to the mice prior to the 









Average Pre-Pulse Inhibition with Multimodal Stimulus Presentation 
 
Multimodal Stimulus  
Figure 6 shows the average pre-pulse inhibition measured as a function of stimulus 
duration when an initial multimodal stimulus (simultaneous tone and vibration) was presented to 













Average Pre-Pulse Inhibition in P. maniculatus Mice 
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M. musculus versus P. maniculatus Comparison 
 Figure 7 depicts results from a study of pre-pulse inhibition in young Mus musculus mice 
(30-181 days old) by former doctoral student Anne Louthan. The methods of her study were the 
same, however both the type of mouse tested and age differed from this study. The aged 
Peromyscus (Figure 8) had significantly lower responses to the pre-pulse stimulus compared to 
the younger M. musculus. In the older mice, there was no statistically significant response to the 
auditory stimulus alone, but the auditory stimulus combined with the somatosensory pre-pulse 
(multimodal) was more salient. Overall, there was more interaction between auditory and 
somatosensory stimulus in the old mice compared to the younger mice. 
 
Figure 9 





 Both the auditory and somatosensory afferents are project to the lateral cortex of the 
inferior colliculus in the brainstem, where both acoustic startles and PPI are likely processed. 
Therefore, the combination of both signals, as opposed to one, would presumably magnify the 
psychophysical response in pre-pulse inhibition. Less PPI to the acoustic stimulus was expected 
in the older mice due to their age-related hearing loss. It was expected for the response to be 
greater the longer the stimulus, however the result was the opposite, especially for the auditory 
stimulus alone. It was unexpected that the shortest acoustic stimulus elicited the greatest 
response in the aged Peromyscus. 
 This experiment proves (for the first time, we believe) that hearing in older Peromyscus 
maniculatus can be studied, and laid the groundwork for future experimentation in this species. 
The significance of testing the P. maniculatus species allowed us a more accurate comparison to 
the human hearing mechanism, in that mice in this species have a more naturally occurring 
genetic variance, compared to other species, such as Mus musculus (a largely inbred lab mouse 
with a relatively homozygous genetic composition). Another significant variable in this study 
was the age of the mice; to our knowledge, these were the oldest mice to have had a hearing test. 
Although it was determined they didn’t hear well, they still had some reaction to auditory stimuli, 
proving that older P. maniculatus can be tested in future hearing-related experiments.   
This research on mice was a pilot study, that when expanded, may one day address more 
practical applications for humans. Some form of hearing loss, whether that is mild to severe, 
conductive or sensorineural, affects about 20% of Americans (Hearing Loss Association of 
America 2018). Tinnitus, or a bothersome ringing in the ears, and hyperacusis, or extreme 
sensitivity to typical, everyday sounds, can accompany these hearing losses, affecting up to 25 
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million Americans, particularly older adults. Although related to hearing, tinnitus and 
hyperacusis could actually be a result of structural changes in the central nervous system, 
specifically neural connections found within the lateral cortex of the inferior colliculus, where 
the brain receives input from the ear and the skin. The mice tested were incredibly old, an 
important factor impacting the brain’s structures related to these disorders of tinnitus and 
hyperacusis. “We seek to understand how some important signaling molecules affect multimodal 
perceptions; that is, how hearing and feeling interact in our brains” (IAUC Protocol, 2017). This 
study, therefore, also aimed to determine how mice respond to sound, somatosensory vibrations, 
or a combination of both, as recent evidence suggests that stimulation of non-auditory systems 
can reduce the effects of or treat tinnitus. Hence, further examination of the relationship between 
these anatomical structures and the behavioral and physiological functions/responses is necessary 
moving forward to help create potential treatments for those with hearing impairments, tinnitus, 
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